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INTRODUCTION

The intent of the Appendices is to present some of the material used to
develop the data contained in Books 1, 2 and 3. Since this material is a backup,

it is not edited and is presented as raw Engineering Data.
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Appendix A

NOZZLE CONTOUR AND
TCA PERFORMANCE. . .




NOZZLE CONTQUR

This Appendix provides documentation of initial calculations made
regarding nozzle contours for the 8K to 50K parametric analysis. Included
for use in preliminary engine cycle, thermodynamic, and payload optimization
studies are surface area and length relationships for minimum length Rao con-
tours for all overall area ratios. The information provided should allow
computation of all weight and envelope factors required for preliminary engine

optimization studies at mixture ratios 5, 6, and 7.

Iterations are b2ing performed on all contour data provided herein.
The included information should therefore be, in all cases, considered pre-

liminary in nature and open for adjustment at a later date.

ALRC's Rao Optimum Nozzle Contour Program No. E21207 was utilized to
design the study nozzle contours. This program utilizes the Method of
Characteristics, the Hall Transonic Flow Model(l), and a constant gamma per-
fect gas expansion to calculate the nozzle geometry. Contours were developed
for the mixture ratio design point of 6.0:1 for area ratios from 140:1 to
500:1. A value of 1.22 was used for the ratio of specific heats (gamma) input
to the program. This value was found to be representative of a mean value for
gamma calculated from equilibrium expansion of 02/H2 products to area ratios
typical for this study. Nozzles of expansion ratios greater than 28() were
developed with aid from information given in the final report for Contract
NAS 7-136(2).

(1) Hall, S. M., Transonic Flow in Two-Dimensional and Axially - Symmetric
Nozzles, Quarterly Journal of Mechanics and Applied Mathematics,
Vol. XV, Pt. 4, January 1962.

(2) Study of High Effective Area Ratio Nozzles for Space Craft Engines,
AGC, Final Report for Contract NAS 7-136, June 1964.
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Enclosure (4)

e ] Lo

L
Thrust Pe 2 BIES Re L/R¢ € Emax
{' (1bf) (1bf/in.") (in.2) (in.) (L =66 in.) (@ L = 66 in.) (D = 87 in.)
i 8K 300 26.7 2.09 31.58 158 433
500 16.0 1.61 40.99 240 730
I 1000 8.0 1.14 57.89 430 1456
: 1500 5.3 0.92 71.74 614 2236
l 15K 300 50.0 2.88 22.90 93 228
500 30.0 2,22 29.7 143 384
l 1000 15.0 1.56 42.31 253 778
. 1500 10.0 1.28 51.56 354 1155
f' 2500 6.0 0.98 67.35 555 1970
25K 300 83.3 3.73 17.69 62 1206
500 50.0 «.88 22.90 93 228
1000 25.0 2.02 32.67 166 464
1500 16.7 1.66 39.76 229 687
2500 10.9 1.28 51.56 372 1155
50K 500 3100.0 4.04 16.34 60 116
1000 50.0 2.88 22.90 93 228
1500 35.3 2.35 28.09 131 343
2500 20.0 1.81 36.46 198 578
YNote: area ratios of 350,400,450,500 will be included at all
Pc and thrust levels except where euvelope limited

o —

0.0.S. Perfornance Analysis Study Matrix
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l 0.0.5. Task V
Contour Info.
[ ALL MR CONTOUR INFO
(R/R.)e (L/R )e sa/R 2
: £ RS e t
l MR 7
y 350 18.71 48. 3860
i 400 20. 52. 4460
. 450 21.21 55.6 5080
l 500 22.36 59.0 5680
l MR S
i 350 18.71 56.1 4540
400 20. 60.9 5250
450 21.21 65.2 6000
I 500 22.36 69.7 6740
i MR 6
350 18.71 51.2 4150
400 20. 55.3 4800
450 220 59.4 5450
500 22.36 63.2 6190
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PERFORMANCE

Thrust chamber performance data was developed for use in engine opti-

mization studies and was conducted over the following parametric range:

(1) Thrust level - 8,000 1bf to 50,000 1bf

(2) Nominal engine mixture ratio - 6.0:1

(3) Engine mixture ratio operating range - 5.5:1 to 6.5:1
(4) Nozzle overall expansion ratio - 140:1 to 500:1

(5) Engine Chamber Pressure - 300 psia to 2500 psia

Items (1), (2) and (3) were specified in the contract work statement. Item (4)
was specified to include the optimum nozzle srea ratio calculated at all com-
binations of thrust level and chamber pressure. The optimum area ratio was to

be based on the following tradeoff factors furnished in the work statement:

(1) Apayload/AISp = 157 1lb/sce. (2) APayload/AWeight at burnout = 3.68.
The chamber pressure range in (5) was chosen sn as to include possible design
points for three basic engine cycles: (1) Staged Combustion, (2) Gas Gencrator

Bleed Cycle, (3) Expander Cycle.

Figure 1 shows the 00S performance study matrix. Delivered specific
impulse was evaluated for each configuration over the range of arca ratios
from 140:1 to 500:1. The analysis utilized the Rao minimum length nozzle con-
figuration for all performance and weight calculations. For a given nozzle
length, the Rao minimum length nozzle was considercd to be thrust optimum;
although ¢ ..s assumption may not be always correct, the resultant deviation
from an optimum contour is small. The minimum length configuration is also
the minimum surface area nozzle possessing a certain value for the thrust
coefficient (CF)' based on divergence loss considerations only. Enpine
cnvelope limitations specified were a maximum engine stowed length of

B? inches and a maximum engine diameter of 87 inches. The nozzle length

A=24
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(throat to exit plane) limit was calculated to be 66 inches, leaving 16 inches
from gimhal point to throat. In diameter limited cases, i.e., the optimum area
ratio nozzle exit diameter exceeds 87 inches, it is possible that a nozzle of
87 inches exit diameter with length greater than the Rao minimum would prove

to be optimum, if length increases could be afforded within the 66 inch nozzle

stoved length limit.

PERFORMANCE METHODOLOGY

The performance evaluation technique for the 00S Design Study employed
the simplified JANNAF Performance Evaluation Methodology(3) which formed the
basis for the performance predictions of this study. The thrust chamber vacuum
delivered specific impulse was calculated considering one-dimensional equilibrium
(ODE) flow conditions to be the theoretical base line. All ODE calculations in
this analysis include the effect of 0.5% by volume Argon impurity in the oxygen.
This results in a performance degradation, compared to pure oxygen, of 1.0 to
1.5 sec of specific impulse depending upon the chamber pressure, mixture ratio
and area ratio. ODE performance was evaluated using the JANNAF one-dimensional

(4)

equilibrium computer program. Delivered performance was calculated con-
sidering that real engine performance would be decreased by the sum of nozzle

kinetics loss, divergence loss, boundary laver loss, and energy releasc loss,

These losses were calculated except for a simplification in determining
the energv release loss (ERL), which was assumed to be one percent of ODL
specific impulse over the engine mixture ratio operating range of 5.5:1 to 6.5:1,
This assumption was made to speed calculation of preliminary performance values
Yor ¢npine optimization studies. The two-zone mass weighted stream tube distri-

hution analvsis described was utilized to refine the energy releasce los: analwvsis,

Standardization Working Croup, 30 September 1968.
(4) 1CRPG One-Dimensional FEquilibrium Reference Program, NASA-Lewis Rescarch
Center, Cleveland, Ohio, May 1968,

A=D5
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The kinetic performance loss (KL) was calculated with the JANNAF One-
Dimensional Kinetic (ODK) Computer Program(s). The kinetic performance loss
accounts for the performance degradation due to chemical recombination lag
during the gas expansion process. Normal boiling point oxygen and hydrogen
properties were used as the pre-reaction conditions in “he kinetic loss

calculations.

The nozzle divergence loss (DL) is a measure of the performance which
is lost due to non-axially directed momentum at the nozzle exit. Since a one-
dimensional treatment of the nozzle kinetic expansion was used in the per-
formance analysis the divergence loss was evaluated separately from the nozzle
kinetics loss. ALRC's Frozen Flow Expansion Nozzle Program No. E21201 was

used to calculate the nozzle divergence efficiency.

The boundary layer loss (BLL) calculated for the parametric study
accounts for three separate boundary layer mechanisms. First, heat transfer
and shear drag at the thrust chamber wall tends to reduce performance. Sccond,
a portion of the total heat loss is recycled since a regeneratively cooled
nozzle is expected to be used for the 00S engine to the nozzle extension
attach point. Third, the effective nozzle area ratio is altered due to
boundary layer growth; usually resulting in 2 small reduction in performancc.

The JANNAF Turbulent Boundary Layer Program (TBL)(b)

was utilized to calcu-
late the boundary layer losses as described herc. The heat recycling effect
on c¢ngine performance was evaluated by raising the hydrogen propellant inlet
temperature and cal:zulating the resulting performance increase with ODE(Q).
The following wall temperature distribution was ascumed for the boundary
laver analvsis: (1) injector to € = 6.0:1, 1000°F; (2) 6.0:1 to extension

attach point, 1200°F; (3) extension attach point to nozzle exit, 2200°F.

(5) One Dimensional Kinetic Nozzle Analysis Computer Program, ICRPG Performance
Standardization Working Group, AD 841201, 30 July 1968.

() Turbulent Boundarv Laver Nozzle Analysis Computer Program, ICRPG Performance

Standardizaclion Working Group, AL 841202,

'
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The three regimes represent, respectively, a regeneratively cooled slotted
copper thrust chamber, a regeneratively cooled tube bundle nozzle, and a
radiation cooled Columbium skirt extension. To simplify the boundary layer
analysis for the parametric study it was assumed that all nozzle configura-
tions analyzed would have an attach point area ratio for the nozzle skirt
extension of 100:1. The error introduced by this assumption does not signi-

ficantly affect the selection of an optimum area ratio for design purposes.

PERFORMANCE ANALYSIS RESULTS

Figures 2, 3 and 4 summarize the 00S Task IV performance analysis.
Assuming a one percent energy release loss, performance was calculated for the
mixture ratio design point of 6.0:1 and for the off-design operating points
of 5.5:1 and 6.5:1. These performance evaluations were used in the engine
optimization studies for the 00S Parametric Engine Analysis. Figures 5, 6,

7 and 8 show delivered specific impulse plotted versus area ratio for thrust
levels of 8,000, 13,000, 25,000 and 50,000 1lbf, respectively, at the nominal

mixture ratio of 6.0:1.
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Thrust D F/Pc Re L/R¢ € € o
(1b£)  (1bf/in.2) (in.2) (in.) (L =66 in.) (@L = 66 in.) (D = L7 in.)

8K 300 26.7 2.09 31.58 158 - 433
500 16.0 1.61 40.99 240 730

1000 8.0 1.14 57.89 : Lo 1456

15C0 5.3 0.92 71.74 o 2236

15K 300 50.0 2.88 22.90 93 228
500 30.0 2,22 29.73 143 384

1000 15.9 1.56 - 42,50 253 778

1500 10.0 1,28 31:56 354 1155

2500 6.0 0.98 L7.35 555 1970

25K 300 83.3 3.75 17.69 62 136
500 50.0 2,05 22,90 93 228

1000 25.0 2.02 32,67 166 464

1500 16.7 1.66 39.76 229 687

2500 10.0 1.28 51.56 372 1155

50K 500 Tuy,0 4,04 16.34 60 116
1000 50.0 2,88 22.90 93 228

150¢ 33.3 2,35 28.09 131 343

2500 20.0 1.81 36.46 198 578

Fipure 1, 0,0,S., Performance Analysis Study Matrix
A-28

'._- I‘iw. i i ' il i

e, st




,
[} ' \ ! L : '
“A ! q;‘cm.:n o oJ-«soqmlu c;Noecn.m mingrn ol DALl w0 g o m,nnmo'w
< O o A e 4 e g o e o L o el Rl e e e T
i o P o ek ] L N I N PO I SO P Y O R Slneg
=2 ‘ ~ 3 ~ ] @ ) o w I~ o ~ i
| <| ) \vl ~ K] PE I 2 e |+ = 2 q oY
1 1 ' ]
i H
1 S | | ! !
- vievwun~ @ ~OoNg @M et DO®IE IOV~ Mo nole FNNI O3 IOV
% - B, 3 W o s e el e Ve e e 5 R AR e AT “ e
2 AN N2 O v\nnqc;—- ONEN M I 3| 2 g o~ NI A NnNwne o \n‘Nan:C
- ~ vy ) ~ > o < o o o v e 1
| - ~ ! i ~1| - = LA R 2, (X < 3 ~r
i
I ! i | ) I
l I ! i | |
N ~'v~v~m'~iﬂ qo«ncaolo LI(-X-R-0L -BR-] mnnon o~ 2 YO NwnwO g N(oeno«!m
% B el el . S B 3 e e o EHCR SO (e s
© N NN s NN 9 ClMTII O aNmeme|e 2OV M g v\nvan:n A e o
S ~i v v ~ | w © @ e @ (@ oy
— ~1| ~3 \1' ~ ~ i\’ < 2 2, 'si &) 3 2 1\7
| 1
1
i ! f |
i
W, 0 o~ |9 O ot O 3 FN| TN MO®IO IeMOVEI® WO~ W[ ao.Nocm N @neoc o
O oY it - . e . <. o] . 4 . o el e e el e s o0 o o e b
x O a3 N T Ak a e A A I T TN Nv\v\nq ~ A AN 2D W™ VD O ™M a3
- o © ~ 3 ~ w ~ o @ © s B! I8 «
won < ~ ~y = ~ 3 - N 2 < 'c
i i
o ©ne O |- OVN3®IO YN O OO MEOEOADIN VO—SNOI FHOTIN I~ Vi~ mo.o
Sl chliciagii ol Mo RIS . g . o) e o e e e el s “ e e 380 SR O N E e E -
(<] Niew (N 32 |0 WO et ) o7 7| N [ Lol X N KV, [ A AL ] AR N R N nen | m,.mng;c
v ~ ') ~ o ~ L4 [} U @« o © ~ ! ~
~ < < N - v + 3 v 9 v < v < I=
| | | |
~ EALE X X ~e o el ~nemo®mi~ ~wovw o AN~ IO~NIONIT IOMNo -
SIFE e e [ SN0 3 oo oo s el e o 3 e e e el SR e =Yy LR e P
o NN~ e e e eio alNg T2l ANnmg 0 INNAILIS nEanoelio wHaumag o
23 ~ v ~ ‘ o ~ o @ V] o, o © o w e
- < ~ < ~ < 3 3 =, v 9 3 2 'c
!
i '
° rilod O @~ |0 v Mmod®m DNAO®W|N WOMO® M ~“eMNnEON NOO3O 0 NemOo S
S S ) v o 8 te telllae o o e e | T ST e ... . . o R R b X0 e
=] NN g2 |© nwemmngaelo oM eI|N cNnea g v \nvxn\,'o wrwegivw wevceo e~
=} ~ w ~ " ~ v o © O s
- < < < ~ 4 LS 4 3 \1 v < < 2 R
|
1
Olnemor~ fn oW~ INVO®|® g~V w © weone v ®wlemngoin o~
e e e . o e e e e . . e e e el of s WS o e o B akhe BB B
[} —“inme g in N g0 Wl @7l s gle ACnmele gimoegln mrlc e -
o ~ w ~' w ~ w @ 0 «© o oG ¥ °"| S
“ < - =, = -~ L S 3 ~ < 2 AR P
i |
|
NinwA s~ (O -tnonnwo onNnmem|m - O 0 ® <2 O » |® v\nncnlﬂ -A‘IN’—-NOIO
4 S R Ryt . SR B S g oat g G e I B T
x O ~lomaeae o enqeq« VeI M Nlocme n NOVedE® SOCEMmeio wmitmeac
w & ~ " w ~ w o i « | e e v @i~ -
~N - ~ ~2 ~1 ;\‘ < ~3 ~3 - ~ - ~ L 2| '
|
= ' | |
: & Olroo~ @ Owmevww|w ve~om|lvw Mmooww|o Ve INE(® NI O VOO~
3 . A o S b o e e e ey e K el S R B
o Nl N 3T |® Wim g 2| eIy onvmein IINNAee ninnmgle winca e c
E w ~ v ~ 0 ~ o 3 « "3 © ¥« fom
- ~ < = < - ~ < < 3 v < -7 '
r 2 [ !
=) . l ]
i & o
- ° 2lVO e~ |g ~e oo~ ~lmMmoOo®le~: NP D ® | nnnv\no IO~ crﬂcror
e N o e e e . o e o s s} SIEs el Bl B . g L L SR
(3] (=] NIN™ g T |~ MiiNM g 3|0 N IF 2™ (ol oK o SR -] -'ﬂv\ﬂqn VMO Mg DL Mg a
["al ~ vy ~ o ~ 0 «© 0 - 0 © 0 v I
- ~ - ~ - 3 ~ ~ - < ~3 ~2 =2 hS
P i
g ! ‘
= = o~~~ oo vor~go|~ QONoOw|vn omMwvnwwolw “~peneie NOMNIOO NI~ rmos
ol . e e S it bt A e e e e b . oo o
-~ o Nl g e (n nemeelio I FTIL|er NFnm™ VMIin »wigwme © Chrsma <
o ~ v ~ v ~ 0 uu . 3 :’4 L t.q ' x}\’ e
- < < ~ ~ = <z - ~ - g < ’a a; =
I
H \
~ WieNnm o~ | O NNVO S |mM qoocn (3 SO weIn wh 3ol OO WF OO KT -NOE Y
. <1 B SarEa s R . 3 . A It b e T e el e o S50 (1 a
Q =0 M .3y |y P RCIRY g Y mwo-..:.: ~ NP0 g0 (o) 28 ek A0 IS G = AT~
~ w ~ w ~ “w © ] © © © < <
3 N - - - R - 2 < <+ < -+ 2 ]q : i
P~
[ ' '
1
0 N~ (O O NAAO OO o~ 0> @ - O @~ 2O~ 2 WD Vil i MO N Ao S
D 3 e AR LR A Jo e e . oo o e el bl Onp QTN IR 5% St s
w o i M3 O il A A I K VO VMg a NIDOV N g | P MO O A @i Flmrrnie N
— O ”~ -~ ~ L2l ™~ W v @ e v O foma V00— v
g} - < < - ~ JC I <+ = J J— a 3l . -
i
1 I
l - YoNo~ (@ romae~lo ANVO®IVN LN VVBD IV MPOVNE T JIOITIC O IOC~ME S
c NiINM e (O wimem e e o M eIT|N APnng IPPOMmMI O NP OnIe Ohoma~
~ ~ v re! w ~ L ) © 0 el & & <
- < < - - 1 R 2 \1| e o <
| !
1
o -OMmMoOr~ !m e nOen|O oo oO®i~r wmeovein —-L-qv'\n NNBDIC ¢ NAmO <
o ). S S B B et fo e o o » o 3 0 o o0, et
[=] NI N N TN (O NI T|O N g N cmwbﬂgz ol ok 2Rt ] 3 